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ABSTRACT

The dipole force on the beamscausedby the parasiticcollisions (PCs) inducesclosed orbit
distortions in the interaction region. “Typical” bunches (those far gveay the ion-clearinggap),
collide center-on-center withsmall horizontalcrossingangle.“Pacman”bunchegthosecloseto
the gap) not onlycollide at an angle, but their centersare displacedas well. The orbit separation
between the beams at the PCs is different from nominal. In this note we evhésseffectsas a
function of horizontal tune ifirst-orderapproximation.ln general,we concludethat the crossing
angle and orbit displacements are very small except for tune values very dlos@nteger(above
or below), and that fractional tune9.35 are clearly, though weakly, favored.

1. Introduction.

The PEP-II desigrt calls for head-oncollisionswith magneticseparatiorin the horizontal
plane. This separationschemeentails unavoidableparasiticcollisions (PCs) nearthe interaction
point (IP) whose effects on the beam-beam dynahdgsbeenstudiedquite extensively:2 It has
been found that the PCs can introduce signifib@ntizontal-verticalcoupling that hasthe tendency
to blow up the beamspreferentiallyin the vertical plane, especiallythe low-energybeam (LEB).
These studies have established a constraititeminimum beamseparatiorat the first PC, which
PEP-II satisfies amply.

In this note we address another effect of the PCai¢hattractiveforce betweernthe beams
distorts the closed orbits of the two beams. We are only concettiretivo aspectof this closed-
orbit distortion: an inducedhorizontalcrossingangle,anda changein the orbit separatiomat the
PCs. If the beams were uniformly populated, the crossing angle wotlid s@mefor all bunches.
However,the existenceof an ion-clearinggap complicatesmattersa bit: thosebunchesnearthe
head or the tail of the train (dubbed “pacman bunchegigriencecrossinganglesdifferentfrom
those bunches in the middle of the train, and collide off-center due to the imbalance ofdheeset
to the right and to the left of the IP. Bunchesaway from the heador tail of the train (dubbed
“typical”) experience only a crossing angle without orbit separation.

Obviously the magnitude of these effects dependb®horizontaltune.We concludethat



the effects are generally quite small unless the tune iscl@sgto an integervalue (from below or

from above).Tunevaluesz 0.35 are clearly, thoughweakly, preferred.The first and last Pacman
bunchesexperienceahe largestorbit separationat the IP. Typical bunchesexperiencethe largest
shift in orbit separation at the P@sdthe largestcrossingangleat the IP. We do not assessiere
the effectsof theseshifts on beamdynamics;however existing result$:4 tend to show that orbit

distortions of the magnitude found here are not likellgaeea significantdetrimentaleffect on the

luminosity performance of the machine.

The results of this note correct, complete and update earlier preliminary fesuilts.

2. Assumptions.

We assumehat the basicbeamand lattice parameter®f the IR are given by Tables1-3
(althoughthe parametersof Table 3 are not usedin this note, we include them herefor future
reference). The optics and geometry of the IR are assaymehetricaboutthe IP. In addition, we
assumehat the ion-clearinggapsin both beamsare of the samelength, and that the beamsare
storedin suchaway thatgaps*“collide” with gapsand beamswith beams.In other words, we
assume that the bunchthe headof the train in one beamcollidesat the IP with the bunchat the
head of the train in the other beam.

Table 1. PEP-Il primary parameters.

LER (et) HER ()
$olcm—2 s 3x1083
C[m] 2199.32 2199.32
E [GeV] 3.1 9.0
Sg [M] 1.2596 1.2596
N 5.630% 1010 2.586x 1010
I[A] 2.147 0.986
£ox [nm-rad] 61.27 45.95
oy [Nnm-rad] 2.451 1.838
B x [m] 0.375 0.500
By [m] 0.015 0.020
oy [um] 151.6 151.6
olby [um] 6.063 6.063
oy [cm] 1.0 1.0




Table 2. PEP-Il IR parameters.

LEB
k d[mm] Bx[m] By [m] ax ay Vx Vy
0 0.0 0.375 0.015 0.0 0.0 0.000 0.000
1 3.498 1433 26.460 -1.679 -41.98 0.165 0.246
2 17651 4.607 105.63 -3.362 -83.77 0.204 0.248
3 39.114 16.202 133.70 -11.79 -27.96 0.215 0.249
4 71879 57.171 69.294 -40.76 +34.98 0.218 0.250
HEB
0 0.0 0.500 0.020 0.0 0.0 0.000 0.000
1 3.498 1.293 19.853 -1.260 -31.49 0.143 0.245
2 17651 3.673 79.340 -2.519 -62.96 0.190 0.247
3 39.114 9.162 148.29 -5.322 —64.50 0.207 0.248
4 71879 20917 18997 -1094 -39.35 0.214 0.249
Table 3. Other PEP-Il IR parameters.
LEB
k s[m] nx[m] ogox[mm] ooy[mm]  dlogk ox oy
0 0.0 0.000 0.151573 0.006063 0.0 0.03 0.03
1 0.630 0.002 0.296 0.255 11.8 -0.000224 0.004133
2 1260 0.024 0.531 0.509 33.2 —-0.000028 0.000648
3 1.889 0.061 0.996 0.572 39.3 —-0.000020 0.000167
4 2519 0.138 1.872 0.412 38.4 —-0.000021 0.000026
HEB
0 O. 0.000 0.151573 0.006063 0.0 0.03 0.03
1 0630 0.001 0.244 0.191 14.3 -0.000152 0.002326
2 1260 0.009 0411 0.382 43.0 -0.000017 0.000365
3 1.889 0.017 0.649 0.522 60.3 —0.000009 0.000139
4 2519 0.028 0.980 0.591 73.3 —0.000006 0.000053




3. Calculation.

Relative to thenominal orbit, the closedorbit distortion X, and slope X’y at an observation
pointo produced by discrete kiclk®<’x are given, in first order idX’, by the expressions

B s et
= iy 5 X ot ”
and
o A% 1 R o )
%o = s 2.8, gnW;Akak(S”(A(/’k mv) - ap cos(Ag - ) (3.2)

wherethe Ag is the horizontalphaseadvanceof point k relativeto the o and v is the horizontal
tune.Ag must be> 0 for allk; i.e., these phase advances must be computed by going fmknin
the same sense around the ring fokallhe slope X’y is discontinuousvhenevero coincideswith
any pointk for which AX’k # 0. In our case the kicks AX’k are producedby the PCs.Eachbunch
experiences four PCs on either side oflfheas sketchedn Fig. 1, andthesePCsarelabeledk =
—4,...,4.

HEB LEB

k=—4 k=4

Fig. 1: Plan sketch of the IR showing all four PCs on either side of the IP.
Solid black bunches are shown in their actual position. Gray bunches show the
positions of the PCs when the bunches move by s B/2.

If the horizontal displacemertandazimuthatoordinates (for both beams)point in the
directionassketched in Fig. then the kicks fok> 1 are giveby

LEB: ax; =-2oN-O

y+dk E _

or N, O fork=1--4 (3.3)
HEB: AXj =+—2—*D

y-d¢ [

while those fok < -1 are given by



AX, = —AX;, (3.4)

for each beam. The kick at the #X'y, is zeroin first approximationfor all buncheslin the above
expressionsg = 2.815x 10-1° m is the classicalelectronradius,the y's arethe usual relativistic
factors,andthe N’s arethe numbersof particlesper bunch.If the observatiorpointis the IP, the
relative phase advances are

Ay, k=1---,4
Ag, = o “ _]_" ) (3.5)
n(v-Av_), k=-4,-,-1
wherethe Av's arethe horizontalphaseadvancedisted in Table 2. For other observationpoints
(e.g., at a PC location), some of these phase advances may have to be shifted\Whe2eveithe
observation point is, the phase advafge is given by

Ag, = g’ 570 (3.6)

TV, sS=o,

4. Results.

The designcalls for a train of 1658 bunchesfollowed by an ion-clearinggap of length
equivalent to 88 bunches. Since each bunch could, in prinekperiencea collision at the IP plus
four PCs on either side of the IP, there are four Pacman bunches at the theachof and four at
the tail. The bunch at the head of the train is labeled Pacman burtbk #1e at the very end#-1.
The other bunches are labeled as shown in Fig. 2.

— LEB train (1658 bunches totah—+=
O O O © @ © ¢ ¢ & - & 6 06 ® @0 ® O O O

ion gap -1 -2 -3 4 4 3 2 1 ion gap
Pacman bunchesle—"typical" bunches—={ Pacman bunches
(tail) (head)

Fig. 2: Sketch of the bunch population of the LEB. There are four Pacman
bunches at the head of the train, four at the tail, plus 1650 “typical” bunches.
For our purposes, we label the bunches as shown. The HEB is similar, except
that it moves in the opposite direction, with similar labeling: the very first
bunch at the head of the train is labeled Pacman bunch #1, etc.

As mentioned aboveje assumehattheion-clearing gaps both beamsare of the same
lengthand that the beams are fikeththat the head bunct the LEB collides atthe IP with the
head bunch adhe HEB. Thereforpacmarbunch #1 othe LEB experiences collisions= 0, 1, 2,
3 and 4, where & themaincollision atthe IP; bunch#2 experiences collisionls= -1, 0, 1, 2, 3
and 4; bunch #-k=-4,-3,-2,—-1 and Oetc. Similarlypacmarbunch #1 inthe HEB experiences
PCsk=-4,-3,-2,-1 and Oand soon. The remaining650 bunches ithe middle ofthetrainsof
both beams experienaienine collisionsjamelyk = —4,... ,4. Wecallthese “typical’ bunches.



4.1 Results for typical bunches.

The orbit distortion, Eq. (3.1), is a periodic function of v with period 1. Thus only thhe
fractional part of the tune matters. It is also eas@gnfrom Eqs.(3.1-5)andthe symmetryof the
IR opticsthatthe orbit distortionsat PCsto the left of the IP (k = -1, ... , —4) are of the same
magnitude and oppositg#gn asthoseto the right of the IP. Similarly, the orbit distortionof a tail
pacmanbunchis of the samemagnitudeand oppositesign asthatfor the correspondingpacman
bunch at the head of thiain. Thereforewe shall only provideresultsfor 0 < v < 1, for typical or
head pacman bunches at the IP or PCs to the right of the IP.résaftsconstitutea completeset
on account of the symmetries.

The symmetry of the IR optics imply that typical bunches have no ctobédlisplacement

at the IP, namel)X = 0. On the other hand the slo)g given by Eq. (3.2), is honzeroleadingto a
finite crossingangle.Fig. 3 showsthe slopesat a point immediatelyupstreanof the IP for LEB
(refer to Fig. 1) for botlbeamsandthe full crossingangle,¢ = X".—X'_ (the crossinganglecurve
assumes the same fractional tune for both beams). It should be noted that the crossinguategle is
small: forv = 0.64, a valu¢hat hasbeenusedin many simulationstudiesl-2 the crossingangleis

@= 34.2urad, which is much smaller thag /g, = 15.6x 10-3. Evenfor a fractionaltune as high

as 0.9, the crossing angle is 0.13 mrad. Therdhareffect on the beam-beantdynamicsfrom this
crossing angle is expected to be negligible.
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Fig. 3: Horizontal slopes at a point immediately upstream of the IP for the
LEB, and full crossing angle of typical bunches. The crossing angle is
computed assuming the same fractional tunes in both beams.



As mentioned earlier, the nominal beam separation at the first; Pasbeenthe object of
extensivesimulation studied-2 and experiment$. The PEP-II nominal value,d; = 3.5 mm (see
Table 2), correspondso di/opx += 11.8,which is generallybelievedto be large enoughthat the
effectsfrom PCson the beamdynamicsare negligible. It is important, therefore,to calculatethe
changein d; inducedby the PCs. Fig. 4 showsthe orbit distortionsof both beamsfor typical
bunchesat the 1st PC, and Fig. 5 shows the fractional changeof the beam separation,Ad/d,
producedby the orbit distortionat all PCs. Clearly the orbit distortion at the 1st PC is the most
significant. An increaseeamseparations favorablefrom the point of view of the beam-beam
dynamics, so the results in Fig. 5 favor fractional tunes0.4. However,the effectis too smallto
be of any practical consequence whether the separation is increased or decrehsgdn®range
0.15vs< 0.9, Ad/dis lessthan 2% in absolutevalue at all PCs. For v =0.64, the relative orbit
separation shift at the 1st PA&J;/dy, is 0.6%, which is totally negligible.
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Fig. 4: Orbit distortions of typical bunches at the 1st PC. The change in orbit
separation AX is computed assuming that the two beams have the same
fractional tune.
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Fig. 5: Fractional change of the orbit separation of a typical bunch at all PCs
(Ad = AX). The two beams are assumed to have the same fractional tune.



4.2 Results for Pacman bunches at the IP.

Fig. 6 shows the orbit sloped the 1st pacmanbunchesat the IP. Comparingwith Fig. 3,
one canseethatthe slopesfor the 1st pacmanbunchare~1/2 of thosefor a typical bunch. This
makesphysical senseithe 1st pacmanbunchreceives~1/2 of the integratedkick that a typical
bunch receives.
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Fig. 6: Horizontal slopes at a point immediately upstream of the IP for the

LEB, and full crossing angle, of the 1st pacman bunches. The crossing angle is
computed assuming the same fractional tunes in both beams.



Fig. 7 showsthe absoluteand relative displacementsf the orbits of the 1st pacman
bunches at the IRt shouldbe notedthat, for mostvaluesof the fractionaltune, both bunchesare
displacedto the sameside of the nominal orbit (X, and X_ are of the samesign). This makes
physical sense: referring to Fig. 1, there is a net imbalance fdrttesfrom the PCssuchthat the
head bunches diothbeams are pulled in the< 0 direction.By symmetry,the last bunchesat the
tails of the beamsare pushedtowardsx > 0 by the sameamountasthe headbunchesare pushed
towardsx < 0. The magnitude of the displacement of the 1st pacman bunch from its nominial orbit
< 10 um for most values of the tun®lore interestingly,the displacemenbf one bunchrelative to
the other, which is what mattersfor the beam-beanaynamics,is AX <2 um. Thesenumbersare
small compared to the rms bunch width of 52
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Fig. 7: Orbit distortions of the head pacman bunches at the IP. The

change in orbit separationAX is computed assuming that the two
beams have the same fractional tune.
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Fig. 8 showsthe absoluteorbit separationbetweenthe two beamsat the IP for all four
pacman bunches at the head of the train. It is clear that the largest effect is fop#uenbsbunch
(we recall that typical bunches have zero separation at the IP).
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Fig. 8: Beam orbit separation at the IP for all four head pacman
bunches.
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4.3 Results for Pacman bunches at the PCs.

Fig. 9 showsthe orbit displacement®f the 1st pacmanbunch of the LEB and the 2nd
pacman bunch of the HEB at the 1st PC, which is where they cdlhéeshift in separations less
than 0.1 mnin absolutevaluefor mosttune values,which is small comparedo the nominalorbit
separationg; = 3.5 mm. Comparing witkig. 4, one seesthat the resultsare very similar to those
for a typical bunch.
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Fig. 9: Orbit distortions for LEB pacman bunch #1 and HEB pacman bunch #2

at the 1st PC. The change in orbit separaticAX is computed assuming that
the two beams have the same fractional tune.
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Fig. 10 showsthe relative changein orbit separatiorfor the 1stLEB pacmanbunchas it
collideswith HEB bunches#3, 4 and5 at PCs#2, 3 and 4, respectively.Theseresultsshould be
compared with those for a typical bunch in Fig. 5. One sees that the orbit separation shiftgor the
pacman bunch is1/2 of that for a typical bunch, for the reason mentioned earlier.
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Fig. 10: Relative change in orbit separation at all PCs of LEB

pacman bunch #1 as it collides with HEB bunches #2, 3, 4 and 5.
The two beams are assumed to have the same fractional tune.
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Finally, Fig. 11 summarizes the relatiwebit separatiorshift for all bunchesat the 1st PC.
As shouldbe expectedthe resultfor pacmanbunches#2, 3 and 4 interpolatesmoothly between
those for a typical bunch (shown earlier on Fig. 5) and the 1st pacman bunch (shown in Fig. 10).
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Fig. 11: Relative change in orbit separation at the 1st PC for all
bunches. The curve for the typical bunch is copied from Fig. 5, and
that for the 1st pacman bunch from Fig. 10.

5. Discussion and conclusions.

In generalwe concludethat closedorbit effectsfrom the PCs are so small for nominal
PEP-1l beamparametershat they are expectedo havenegligible effects on the dynamics.More
specifically, our results can be summarized as follows:

5.1 Crossing angle.

For sensible horizontal tunes (fractional part inrdnrege0.15< v < 0.85), typical bunches
collide with a horizontalcrossingangle|g < 0.1 mrad,assuminghe samefractional tune for the
two beams. The 1st pacman bunch collides at a smaller phgl®,05 mrad, andhe otherpacman
bunchescollide at anglesin between0.05 mradand0.1 mrad. It is always possibleto cancelthe
crossing angle provided that one beam has fractional t@n@5andthe other< 0.35.In any case,
the crossing angle is much smaller thiagratio oy /oy = 15.6 x 10-3, andthereforethis effectis
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expected to be negligible.

5.2 Orbit separation.

Pacmarbunchescollide off-centerat the IP. The 1st pacmanbunchesat the headof the
trains (and the laggacmanbunchesat the tail), havethe largestorbit displacementd-or fractional
tunes in the range 0.X5v < 0.85, the bunch centers are displaced from the nominalbyrifi}t <
10um, which iss 7% of the rms beamsize, ox = 152 um. Multiparticle simulationsfor displaced
beams suggest that a separation of this magnitude should hagégible effect on the luminosity
performance Even better, if the two beamshavethe same,or comparable fractional tunes, the
bunches in the two beams are displaodthe same sidef the IP, so that their centers alisplaced
from eachotherby an evensmalleramount,|AX| < 2 um, which is negligible. If the beamshave
substantially different fractional tunes, however, the bunch separation can be significant.

The beam separations of all bunches (typical@aanan)at all PCsare modified from the
nominalvalues.At any given PC the fractional changein orbit separationAd/d, is largestfor a
typical bunch and smallest for pacman bunch #1. For any given bunch, the effect is largdstat the
PC and smallest at the 4th PC. The chatdjd can bepositive or negativedependingon the value
of the tunes of the two beams. If the fractionalesof the beamsare comparableandin the range
0.155 v < 0.85, the magnitude of the effedid|d|, is at mosi.5%, which is negligible.

5.1 Tune values.

The fractional changein orbit separationcan be positive or negative dependingon the
fractionaltune. A positive value indicateslarger-than-nominaseparationwhich is favorablefrom
the perspective of beam-beam dynamics. Fdmalchesandfor all PCs,Ad/dis >0 for v 2 0.4
and thus this is the favored range of tunes (assuming equal fractional tunesvior bleams).The
crossing angle vanishes for= 0.35, but itis not largefor any reasonablevalue of the tune. Thus
the dynamics weakly, but clearly, favors the range of fractional whés35.
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